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Monolithic CMOS Pixel Sensors for High Resolution
Particle Tracking

Outlook
- Principle of CMOS MAPS

- Device simulation

- Example of prototypes designed at LEPSI
- Beam test results

- Radiation hardness tests

- Some future application (particle tracking and
radiation imaging)
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Monolithic Pixel CMOS Sensor for Particle Tracking

From digital still and video cameras to particle tracking device
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» The effective charge collection is achieved through
the thermal diffusion mechanism,

* The device can be fabricated using a standard, cost-
effective and easily available CMOS process,

+ The charge generated by the impinging particle is
collected by the n-well/p-epi diode, created by the
floating n-well implantation,

* The active volume is underneath the readout

electronics allowing a 100% fill factor.
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CMOS MAPS device simulations using ISE-TCAD

M Simulation of physics process
Particletrack
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* The charge collection efficiency examined using the mixed mode device and circuit simulator DESSIS-ISE from the
ISE-TCAD package,
* The charge collection is traced as a relaxation process of achieving the equilibrium state after introducing an excess charge
emulating passage of theionising particle
* Thedeviceis described in three dimensions by a mesh generated using the analytical description of doping profiles and the
boundary definition corresponding to the real device,
* Different detector parameters, including the thickness of the epitaxial layer, the size of a pixel and collecting diodes and

number of diodes per pixel, were investigated.
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Device simulations results and measurements on prototype

M Simulation of physics process
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« Experimental verification:
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MAPS prototypes at LEPSI

M Prototypechlps M I MOSA | (Minimumlonising Particle MOS Active Pixel Sensor)
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* 0.6 pm CMOS (t,,=12.7 nm)

* 14 um thick EPI layer (10*cm-3)

r—— TSN * 4 arrays 64x64 pixels, pitch 20x20 um?
dlesze 3 6X4 2 mm? « diode (nwell/p-epi) size 3x3 pm? - 3.1 fF

| Prototype ChIpS MIMOSA Il

h--a-----a--- i3

*0.35 pm CMOS(t_,=7.4nm)

* 4.2 um thick EPI layer (10 cm3)

* 6 arrays 64x64 pixels, pitch 20x20 um?

* diode (nwell/p-epi) size 1.7x1.7 pum? - 1.65 fF

die Sz6 4.9x3.5 ) e radiation tolerant transistor design
e SZe 4.9Xo.0 Mm
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MAPS prototypes at LEPSI

M Prototype chipsMIMOSA |11
= Collaboratlon with Mlcroelectronlcs Group of CERN - MIMOSA |11

e standard 0.25 pm CM OS (tox=5.84 nm)

* 2 um thick EPI layer (~10%cm-3)

2 arrays 128x128 pixels, pitch 8x8 um?

* diode (nwell/p-epi) size 1x1 pm? - 2.1 fF

* radiation tolerant transistor design

* optimisation for low noise~6 e @ 20MHz

die size 4.0x2.0 mm?

M Prototype chips- MIMOSA IV ¢ 0.35 pm CM OS (tox=7.5 nm)
* p-substrate process (~10* cm-3)
* 4 arrays 64x64 pixels, pitch 20x20 pm?
* diode (nwell/p-epi) size 2x2 pm? - 1.8 fF
e radiation tolerant transistor design
« charge collection from non epitaxial substrate
* new structures of charge sensing elements:
- charge spill-gate,
- current mode pixel,
- self-biasing diodes

:r-lzl._.... S n——

N W A mm A m N n

diesize 3.7x3.8 mm?
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Double Correlated Sampling: readout scheme

M Present readout and data processing
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Double Correlated Sampling: data processing

frame2 - framF1
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M Present readout and data processing Shgat
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MAPS calibration using X-ray source

M Calibration of the conversion gain - with soft X-rays

« Calibration methods: 1 Pixel - Cluster Signal Distribution 1 Pixel - Cluster Signal Distribution
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CMOS Monolithic Pixel Sensor: MIP tracking tests

VMBeam testsresults
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CMOS Monolithic Pixel Sensor: tracking performance
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MIMOSA-4 (no-epi substrate) test results:

0.35 mm AMS process without epitaxial layer
but with low doping (resistivity) substrate

| Signal/noise in 1 pixelsl |'rota| charge in N pixels |
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Observed performances with 120 GeV/c p- at CERN-SPS.
*Detection efficiency ~99.7%
*S/N ~30 but chargeiswider spread
*Spatial resolution ~4 um (20 um pitch)

Technology without epitaxial layer seems worth investigating and optimizing
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Neutron radiation tolerance

Chipsirradiated with neutron sources at JINR and
CEA-Saclay reactorsweretested with Fe> X-ray sour ce.

Noise as a function of fluence:
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lonizing radiation tolerance

Irradiation damages ar e results of charge built-up in isolation material - oxide

10 keV X-ray irradiation
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Working hypothesis to explain Mimosa4 case

MIMOSA IV
pixel layout suffering from
poor charge collection

itﬁtftf\ff \ \ @*\ . - .
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Competitive charge collection path
to the reset transistor node,

.
L
through “transparent” P-well

In order to understand (and simulate) this effect, much
more precise data on doping profile are needed!
Technology test structure needed!

15



Wojciech Dulinski

[ Brookhaven National Laboratory, 9 April 2003 dulinski@lepsi.in2p3.fr
LEP SIZ,,::f tel. +33 3 90 24 28 68

MAPS wafer scale prototype: Mimosa 5

M MIMOSA V - wafer scale detector
< ~8.70r12.1 cm
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MAPS wafer scale prototype: Mimosa 5

Mimosa-5 status
« 6 wafersdelivered by AMS
» 3wafer back-thinned (down to 120um) and dliced
 prober testsof all wafersin progress: first estimation of yield ~30%
*beam testsat CERN: results as expected
* fine back-thinning testsat CNM Barcelona and I TE War sow
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MIMQOSA-5 tests

The chip (4 matrices of 512x512 pixels (17x17 pm? )
0.6 um AMS process, etched down to 120 pm
exposed to 120 GeV/c - beam at CERN-SPS

The same process as MIMOSA-1 = the same performances expected?

Larger noiserelativeto M1 (different serial r.o.architecture)
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MIMOSA-6 - first sensor with integrated functionality

0.35 MIETEC technology (same as MIMOSA-2)
IReS-LEPSI/DAPNIA collaboration

*24 column readout in parallel g IS
128 pixels per column = 1=
*5MHz effective readout frequency = | %
esAmplification (x5.5), Correlated Double Sampling on pixel % %
eDiscriminator integrated on chip periphery (1 per column) ‘%' %
ePower dissipation ~500 uW per column %
= it : %

. Pixel layout: | 5

28x28 pm? s

& s

29 trangitstors e Eﬁ'

L -

Chips are back from foundry and under tests.
First results quite promissing.

Charge storage
capacitors




Laboratoire d”
Etectronique el de
Physique des
Systémes
Instrumentaux

Wojciech Dulinski

Brookhaven National Laboratory, 9 April 2003 dulinski@lepsi.in2p3.fr
tel. +33 3 90 24 28 68

Future development example: FotoFet

positive
% W UM Opower supply 1
I I ; - 2
QUT_Leno SF Vg| / E Vs | positive
to current mode My |/ E leak + ++ power supply 2
analogue memory P** DIFF| emtmmn 4 lsig N™™ DIFF

/P/{{E/{// /// /QB ‘\“J«:l ; ::lNWELLJ//
\-:-+':/ partl;lleak

P~ EPITAXIAL LAYER + +/ track

p** SUBSTRATE [ ] O ground

First results very promissing (e.g. ENC ~4 electrons)!
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Monolithic CMOS Pixel Detectors for Radiation Imaging?
A lot still to be done!

1. Visible light: first and the most important commercial application!
2. X and y imaging: not very appropriate (except dental imagers using scintillating converter)
3. a and electron ([3) imaging/dosimetry

4. Neutron imaging (using Be or Ga converter foils)

Phato
) 18 mm . _ e "
«—P+ Epitaxy B
-: 15 mm ;- \ P++ SJbStrat Photo- " Photo-

cathode L electran
Focusing T-"" AV
[ . 1 H electrodes [,
Back - thinning for low energy electronsimaging P
VACUUM
o = }
S/ THTTHITHT
Silicon /
er \
- N
Tt i
I-I—'--—I—'-I—l—-- -._l_

Hybrid Photo Diode (HPD) ---> single photon imaging
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Conclusions

M Good performance of CM OS pixels successfully demonstrated with small scale
prototypes e~99%, S/IN~20-40, 6~1.5-2.5 ym @ 20x20 um? pixels,

M First wafer scale chip - worksaccor ding to expectation!

M Accessto processeswith epitaxial layer (e.g. TSMC CIS0.25 um with 8 um p-type
epitaxial layer - optimised for CMOSimagers),

M Cost effective solution (1900 USD/ 8'* wafer = 9 USD/cm? comparableto simple strip
detectors),

M directionsto investigate:

=yield optimisation of a large size chip, thinning to 20-50 um, on-wafer stitching,

= data processing on-a-chip,

= radiation hardness under standing/improvement

= optimisation of the sensitive element - alter native char ge sensing structures.

M R& D programmeon CMOSMAPSTESLA VD in acollaboration with several other
centres—aim for the detector design by 2004 -2005

M R& D program for radiation imaging application (SUCIMA, Euromedim...)
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